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1 Executive Summary

The National Energy Research Scientific Computing Center (NERSC) is the primary
computing center for the DOE Office of Science, serving approximately 4,500 users working
on some 650 projects that involve nearly 600 codes in a wide variety of scientific
disciplines. In addition to large-scale computing and storage resources NERSC provides
support and expertise that help scientists make efficient use of its systems.

In September 2012 NERSC, DOE’s Office of Advanced Scientific Computing Research (ASCR)
and DOE’s Office of Biological and Environmental Research (BER) held a review to
characterize High Performance Computing (HPC) and storage requirements for BER
research through 2017. This review is the seventh in a series that began in 2009 and it is the
second for BER. The report from the 2009 BER review is available at
http://www.nersc.gov/science/hpc-requirements-reviews/target-2014/.

The latest review revealed several key requirements, in addition to achieving its goal of
characterizing BER computing and storage needs. High-level findings are:

1. Scientists need access to significantly more computational and storage resources to
achieve their goals and reach BER research objectives. BER anticipates a need for six
billion computational hours (25 times 2012 usage) and 107 PB of archival data
storage (10 times 2012 usage) at NERSC in 2017.

2. Simulation and analysis codes will need to access, read, and write data at a rate far
beyond that available today.

3. Support for high-throughput job workflows is needed.

4. State-of-the-art computational and storage systems are needed, but their acquisition
must not interrupt ongoing research efforts.

5. NERSC needs to support data analytics and sharing, with increased emphasis on
combining experimental and simulated data.

This report expands upon these key points and adds others. The results are based upon
representative samples, called “case studies,” of the needs of science teams within BER. The
case study topics were selected by the NERSC meeting coordinators and BER program
managers to represent the BER production computing workload. Prepared by BER
workshop participants, the case studies contain a summary of science goals, methods of
solution, current and future computing requirements, and special software and support
needs. Also included are strategies for computing in the highly parallel “many-core”
environment that is expected to dominate HPC architectures over the next few years.
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2 DOE BER Mission

The U.S. Department of Energy’s Office of Biological and Environmental Research (BER)
conducts research in the areas of Climate and Environmental Sciences and Biological
Systems Science. BER’s scientific impact has been transformative. In 1986, the Human
Genome Project gave birth to modern biotechnology and genomics-based systems biology.
Today, with its Genomic Sciences Program and the DOE Joint Genome Institute (JGI), BER
researchers are using powerful tools of plant and microbial systems biology to pursue
breakthroughs needed to develop cost-effective cellulosic biofuels. Our three DOE
Bioenergy Research Centers lead the world in fundamental biofuels research.

Since the 1950s, BER has been a critical contributor to climate science research in the U.S,,
beginning with studies of atmospheric circulation—the forerunners of climate models.
Today, BER supports the Community Earth System Model, a leading U.S. climate model, and
addresses two of the most critical areas of uncertainty in contemporary climate science—
the impact of clouds and aerosols—through support of the Atmospheric Radiation
Measurement Climate Research Facility, which is used by hundreds of scientists worldwide.

BER plays a unique and vital role in supporting research on atmospheric processes;
terrestrial ecosystem processes; subsurface biogeochemical processes involved in nutrient
cycling, radionuclide fate and transport, and water cycling; climate change and
environmental modeling; and analysis of impacts and interdependencies of climatic change
with energy production and use. These investments are coordinated to advance an earth
system predictive capability, involving community models open to active participation of
the research community. For more than two decades, BER has taken a leadership role to
advance an understanding of the physics and dynamics governing clouds, aerosols, and
atmospheric greenhouse gases, as these represent the more significant weaknesses of
climate prediction systems. BER also supports multidisciplinary climate and environmental
change research to advance experimental and modeling capabilities necessary to describe
the role of the individual (terrestrial, cryospheric, oceanic, and atmospheric) component
and system tipping points that may drive sudden change. In tight coordination with its
research agenda, BER supports two major national user facilities, i.e.,, the ARM Climate
Research Facility and Environmental Molecular Sciences Laboratory, and significant
investments are provided to community data base and model diagnostic systems to support
research efforts.

T U.S. Department of Energy Strategic Plan, May 2011
(http://energy.gov/sites/prod/files/2011_DOE_Strategic_Plan_.pdf)
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3 About NERSC

The National Energy Research Scientific Computing (NERSC) Center, which is supported by
the U.S. Department of Energy’s Office of Advanced Scientific Computing Research (ASCR),
serves more than 4,500 scientists working on over 650 projects of national importance.
Operated by Lawrence Berkeley National Laboratory (LBNL), NERSC is the primary high-
performance computing facility for scientists in all research programs supported by the
Department of Energy’s Office of Science. These scientists, working remotely from DOE
national laboratories; universities; other federal agencies; and industry, use NERSC
resources and services to further the research mission of the Office of Science (SC). While
focused on DOE's missions and scientific goals, research conducted at NERSC spans a range
of scientific disciplines, including physics, materials science, energy research, climate
change, and the life sciences. This large and diverse user community runs hundreds of
different application codes. Results obtained using NERSC facilities are citied in about 1,500
peer reviewed scientific papers per year. NERSC activities and scientific results are also
described in the center’s annual reports, newsletter articles, technical reports, and
extensive online documentation. In addition to providing computational support for
projects funded by the Office of Science program offices (ASCR, BER, BES, FES, HEP and NP),
NERSC directly supports the Scientific Discovery through Advanced Computing (SciDAC!)
and ASCR Leadership Computing Challenge? Programs, as well as several international
collaborations in which DOE is engaged. In short, NERSC supports the computational needs
of the entire spectrum of DOE open science research.

The DOE Office of Science supports three major High Performance Computing Centers:
NERSC and the Leadership Computing Facilities at Oak Ridge and Argonne National
Laboratories. NERSC has the unique role of being solely responsible for providing HPC
resources to all open scientific research areas sponsored by the Office of Science.

This report illustrates NERSC alignment with, and responsiveness to, DOE program office
needs; in this case, the needs of the Office of Biological and Environmental Research. The
large number of projects supported by NERSC, the diversity of application codes, and its
role as an incubator for scalable application codes present unique challenges to the center.
However, as demonstrated its users’ scientific productivity, the combination of effectively
managed resources, and excellent user support services the NERSC Center continues its 40-
year history as a world leader in advancing computational science across a wide range of
disciplines.

For more information about NERSC visit the web site at http://www.nersc.gov.

Lhttp://www.scidac.gov

2 http://science.energy.gov/~/media/ascr/pdf/incite/docs/Allocation_process.pdf
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4 Meeting Background and Structure

In support of its mission to provide world-class HPC systems and services for DOE Office of
Science research NERSC regularly gathers user requirements. In addition to requirements
reviews NERSC collects information through the Energy Research Computing Allocations
Process (ERCAP), workload analyses, an annual user survey, and discussions with DOE
program managers and scientists who use the facility.

In September 2012, ASCR (which manages NERSC), BER, and NERSC held a review to gather
HPC requirements for current and future science programs supported by BER. This report
is the result.

This document presents a number of findings, based upon a representative sample of
projects conducting research supported by BER. The case studies were chosen by the DOE
Program Office Managers and NERSC staff to provide broad coverage in both established
and incipient BER research areas. Most of the domain scientists at the review were
associated with an existing NERSC project, or “repository” (abbreviated later in this
document as “repo”).

Each case study contains a description of current and future science, a brief description of
computational methods used, and a description of current and future computing needs.
Since supercomputer architectures are trending toward systems with chip multiprocessors
containing hundreds or thousands of cores per socket and millions of cores per system,
participants were asked to describe their strategy for computing in such a highly parallel,
“many-core” environment.

Requirements presented in this document will serve as input to the NERSC planning
process for systems and services, and will help ensure that NERSC continues to provide
world-class resources for scientific discovery to scientists and their collaborators in support
of the DOE Office of Science, Office of Biological and Environmental Research.

NERSC and ASCR have been conducting requirements workshops for each of the six DOE
Office of Sciences offices that allocate time at NERSC (ASCR, BER, BES, FES, HEP, and NP). A
first round of meetings was conducted between May 2009 and May 2011 for requirements
with a target of 2014. A second round of meetings, of which this is the first, will target
needs for 2017.

Specific findings from the review follow.
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5 Workshop Demographics

5.1 Participants
5.1.1 DOE / NERSC Participants and Organizers

Name Institution Area of Interest
Todd Anderson DOE / BER BER Program Manager
Shane Canon NERSC Technology Integration Group Lead
Richard Gerber NERSC Meeting Organizer
Dave Goodwin DOE / ASCR NERSC Program Manager
Susan Gregurick DOE / BER BER Program Manager
Renu Joseph DOE / BER BER Program Manager
Dorothy Koch DOE / BER BER Program Manager
Yukiko Sekine DOE / ASCR NERSC Program Manager
Harvey Wasserman NERSC Meeting Organizer
Katherine Yelick NERSC / Berkeley Lab AssociactsmL;kl)ltt)i?;()Srge?licr:Sctor for
Sudip Dosanjh NERSC NERSC Director
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5.1.2 Domain Scientists

. NER
Name Institution Area of Interest SC
Repo(s)
Mohammed . . -
AlQuraishi Stanford University Bioscience m926
David Bader Lawrence Livermore National Climate
Laboratory
National Center for .
Thomas Bettge Atmospheric Research Climate mp9
Tom Brettin Argonne National Laboratory Kbase Infrastructure kbase
. m1024,
William Collins Ea;vrence Berkeley National Climate m1040,
aboratory m1343, m1196
NOAA Earth System Research
Gilbert Compo Laboratory at the University of | Climate m958
Colorado
Robert Egan Joint Genome Institute Genomics m342
David Goodstein Joint Genome Institute Genomics m342
Rubv Leun Pacific Northwest National Climate m1040,
y 8 Laboratory m1209, m1178
Stephen Price Los Alamos National Climate m1041, m1343
Laboratory
Victor Markowitz Lawrence Berkeley National Genomics m1045
Laboratory
Loukas Petridis Oak Ridge National Laboratory | Bioscience m906
i Institute of Global Environment .
Cristiana Stan and Society (IGES) Climate m1441
. Pacific Northwest National . mp9, m1199,
Jin-Ho Yoon Laboratory Climate m1178
Timothy Scheibe Pacific Northwest National Environmental Science m749

Laboratory
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5.2 NERSC Projects Represented by Case Studies

NERSC projects represented by case studies are listed in the table below, along with the
number of NERSC hours each used in 2012. These projects accounted for about three-fifths
of computer time and archival storage used by BER at NERSC that year.

NERSC Archival
. . . Principal Workshop H Used | Dataat
Project ID NERSC Project Title . OULSILSC
Investigator | Speaker(s) at NERSC in | NERSC
(Repo) 2012 (TB
2012 (M) (TB)
Climate / Environmental Science
Climate Change Simulations Warren
mp9 with CESM: Moderate and Washineton Tom Bettge 34.4 1,542
High Resolution Studies 8
Sparse Input Reanalysis for
m958 Climate Applications Gil Compo Gil Compo 11.7 1,005
(SIRCA) 1850-2012
Improving the
Characterization of Clouds, . .
m1199 Aerosols and the Cryosphere Philip Rasch Jin-Ho Yoon 12 158
in Climate Models
Center at LBNL for William
m1204 Integrative Modeling of the Collins William Collins 4.1 268
Earth System (CLIMES)
Investigation of the
Magnitudes and William
m1040 Probabilities of Abrupt : William Collins 9.7 608
. " Collins
Climate TransitionS
(IMPACTS)
Program for Climate Model
mp193 Diagnosis and James Boyle David Bader 7.8 960
Intercomparison
Projections of Ice Sheet William
m1343 Evolution Using Advanced : Stephen Price 2.3 58
Collins
Ice and Ocean Models
Simulations of
Anthropogenic Climate Cristiana -
ml1441 Change Using a Multi-scale Stan Cristiana Stan 5.2 10.6
Modeling Framework
Development of Frameworks
m1178 for Robust Regional Climate | Ruby Leung Ruby Leung 6.2 200
Modeling
Hybrid Numerical Methods
m749 for Multiscale Simulations of | . ine | Tim Scheibe 3.7 6
Subsurface Biogeochemical
Processes
Total of projects represented by case studies 97.1 4,816 TB
NERSC 2012 BER Climate / Environmental Total 165 8,409 TB
Percent of NERSC Climate represented by case studies 59% 57%
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Bioscience

Molecular Dynamics
Simulations of Protein

m906 . Jeremy Smith | Loukas Petridas 7.7 47
Dynamics and
Lignocellulosic Biomass
Computgtz(?nal Prediction of Harley Mohammed
m926 Transcription Factor . 0.5 0
L . McAdams AlQuraishi
Binding Sites
Joint Genome Institute - Edward D. Goodstein /
m342 Production Sequencing and Rubin R.Egan/S.
Genomics Canon
- - 32 1,300
Microbial Genome and . .
Victor Victor
m1045 Metagenome Data . .
. ; Markowitz Markowitz
Processing and Analysis
Kkbase Systems Biology Knowledge Shane Canon S. Cano_n / 0017 1
Base Brettin
Total of projects represented by case studies 40 1,348 TB
NERSC AY2012 BER Bioscience Total 70 1,760 TB
Percent of NERSC BER Bioscience represented by case studies 57% 77%
Totals
Total Represented by All Case Studies 137 M 6,164 TB
All BER at NERSC in 2012 235M 10,170 TB
Percent of NERSC BER 2012 Allocation Represented by Case Studies 58.3% 60.6%
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6 Findings

6.1 Summary of Requirements

The following is a summary of requirements derived from the case studies. Note that many
requirements are stated individually but are in fact closely related to, and dependent upon,
others.

6.1.1 Scientists need access to significantly more computational and
storage resources to achieve their goals and reach BER research
objectives.

a) Researchers attending the review estimate needing 3.5 billion production
computing hours in 2017. Normalized to the entire BER production workload this is
6 billion hours, or about 25 times 2012 BER usage at NERSC.

b) The need for permanent archival data storage will continue to increase, reaching
more than 100 PB for BER at NERSC by 2017. This is more than 10 times what was
stored in 2012.

a) Key BER projects estimate needing a 30-fold increase in their online data storage
capacity at NERSC. This translates into a need for 30 PB of permanent disk storage.

6.1.2 Simulation and analysis codes will need to access, read, and write
data at a rate far beyond that available today.

a) Data transfer rates from computational systems to disk and long-term storage must
increase by a factor of approximately 10 to support the anticipated workloads of
2017. Extrapolating from Hopper’s global scratch 1/0 bandwidth, this translates to a
system bandwidth of 700 GB/sec to scratch disk.

b) As simulation sizes grow the need to checkpoint individual computational jobs and
output data to disk will increase. /0 system capability must keep pace such that
time spent performing I/O does not overwhelm the time spent performing
computations. The climate community has a target I/0 time of one percent of the
total runtime.

6.1.3 Support for high-throughput job workflows is needed.

a) Adequate job throughput is required to support future international climate
assessments such as IPCC AR®6.

b) For some BER users, effective throughput of many (possibly interdependent) runs is
the most important factor for scientific productivity. Long wait times in a batch
queue severely limit productivity.

c) Ensembles of runs are required for uncertainty quantification (UQ) and to study
models’ sensitivity to different choices of parameters.
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d) The bioinformatics community needs support for high-throughput computing and
complex workflows.

6.1.4 State-of-the-art computational and storage systems are needed,
but their acquisition must not interrupt ongoing research efforts.

a) Emerging architectures provide an opportunity for increased scientific productivity,
but ongoing computational research must be supported without a lengthy
interruption during the transition to new platforms.

b) Access to early prototype and testbed systems are needed to prepare for new
architectures while still running production jobs on existing machines.

c) Frequent and effective user training is needed for the transition to new
architectures.

6.1.5 NERSC needs to support data analytics and sharing, with increased
emphasis on combining experimental and simulated data.

a) Data portals, like the Earth Systems Grid (ESG), for sharing data and simulation
results are important to serve large data sets among many users.

b) High-speed external networks are required. Several projects are multi-site
collaborations and need increased bandwidth for HPSS to external networks.

c¢) This community is heavily using NERSC data services and needs dedicated
resources such as the NERSC Scientific Gateway Nodes and Data Transfer Nodes to
facilitate data movement.

d) There is a need for a standard way to provide data provenance (where it came from,
where it was generated, who worked on it, where and by what it was compiled).

6.2 Additional Observations

Participants at the meeting noted a number of observations that are not listed in the high-
level findings, the most significant of which are listed here.

6.2.1 Readiness for next-generation architectures (many-core) varies

Some groups, especially with newer codes, are committed to porting immediately to new
programming models to try to take advantage of existing platforms (e.g., using CUDA,
OpenACC). Others are waiting for community codes to be ready before moving to new
architectures. Still others are “waiting it out” to see which programming paradigm and/or
language gains acceptance.

6.2.2 Scientific productivity is the key objective

Enabling and maintaining scientific productivity, while still advancing the state of the art, is
required when acquiring new systems and offering new services: “Leading without
bleeding.” It's not just computational power that maters most, it's support for doing
science.
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6.2.3 The bioinformatics workload is rapidly increasing

A quickly growing need to support the bioinformatics workload presents a number of
challenges to traditional HPC centers. There is a need to support massive numbers of high-
throughput and low concurrency jobs, some of which need very long runtimes and/or large-
memory architectures.

6.2.4 Uncertainty Quantification (UQ) will play a more prominent role

Quantifying uncertainty in simulations and validating those simulations to much higher
precision is becoming required. This will increase the demand for additional compute cycles
and better workflow management systems. How this will play out is uncertain, but it has the
potential to drastically increase the BER community’s aggregate resource requirements.

6.2.5 Data and analytics present new challenges

Larger simulations and data sets may require new approaches to data managements, data
analytics and scientific visualization. Improvements in hardware may not be adequate to
accommodate current /0 methods and in-situ analysis and/or data reduction may be
required. The BER community will need assistance to implement these types of analysis
methods.
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7 Computing and Storage Requirements

The following table lists the 2017 computational hours and archival storage needed at
NERSC for research represented by the case studies in this report. “Total Scaled
Requirement” at the end of the table represents the hours needed by all 2012 BER NERSC
projects if increased by the same factor as that needed by the projects represented by the
case studies. The 25-fold increase over 2012 NERSC use does not include the KBase value.

Hours Needed in Archival Data .
2017 Storage Needed in
Case Study Title PI 2017
Million Factor Factor
TB
Hours Increase Increase
Climate Change Simulations with CESM Washington 1,000 29 30,000 19
Sparse Input Reanalysis for Climate
Applications (SIRCA) 1850-2012 HOIRg 670 i 8,000 8
Improving the Characterization of
Clouds, Aerosols and the Cryosphere in Rasch 200 17 2,000 13
Climate Models
CLIMES and IMPACTS Collins 150 11 4,000 4.6
Climate Science for a Sustainable
Energy Future (CSSEF) Bader 150 19 7,500 7.8
Projections of Ice Sheet Evolution Using .
Advanced Ice and Ocean Models Price - 68 300 —
Simulations of Anthropogenic Climate
Change Using a Multi-scale Modeling Stan 55 11 150 14
Framework
Development of Frameworks for Robust
Regional Climate Modeling Leung 100 16 3,200 16
Hybrid Numerical Methods for
Multiscale Simulations of Subsurface Scheibe 120 32 200 33
Biogeochemical Processes
Molecular Dynamics Simulations of
Protein Dynamics and Lignocellulosic Smith 360 47 100 2
Biomass
Computational Prediction of
Transcription Factor Binding Sites McAdams 30 60 0 N/A
Joint Gen.ome Institute -.Productlon Rubin / 400 125 7500 5g
Sequencing and Genomics Markowitz
Kbase Systems Biology Knowledge Base Canon 100 6,000 2,000 2,000
Total Represented by Case Studies 3,491 64,950
Percent of NERSC BER Represented by C;?se 58.3% 60.6%
Studies
All BER at NERSC Total Scaled Requirement 6,000 M 25.5 107,000 10.5
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8 Climate and Environmental Science Case Studies

8.1 Overview

Drs. Renu Joseph and Dorothy Koch, Program Managers, Climate and Environmental
Sciences Division, DOE

The Climate and Environmental Sciences Division (CESD) focuses on fundamental research
that advances a robust predictive understanding of Earth's climate and environmental
systems and informs the development of sustainable solutions to the Nation's energy and
environmental challenges. As provided by the 2012 CESD Strategic Plan
(http://science.energy.gov/~/media/ber/pdf/CESD-StratPlan-2012.pdf), there are five
goals which frame the Division's programs and investments: (a) synthesize new process
knowledge and innovative computational methods that advance next generation, integrated
models of the human-earth system; (b) develop, test and simulate process-level
understanding of atmospheric systems and terrestrial ecosystems, extending from bedrock
to the top of the vegetative canopy; (c) advance fundamental understanding of coupled
biogeochemical processes in complex subsurface environments to enable systems-level
prediction and control; (d) enhance the unique capabilities and impacts of the ARM and
EMSL scientific user facilities and other BER community resources to advance the frontiers
of climate and environmental science; and (e) identify and address science gaps that limit
translation of CESD fundamental science into solutions for DOE's most pressing energy and
environmental challenges. Leadership-class computing facilities and DOE NERSC are critical
for the computationally intensive simulations of high-resolution models needed to address
these priorities.

CESD focuses on three research activities, each containing one or more programs and/or
linkages to national user facilities. These activities are: (1) The Atmospheric System
Research activity which seeks to understand the physics, chemistry, and dynamics
governing clouds, aerosols, and precipitation interactions, with a goal to advance the
predictive understanding of the climate system; (2) The Environmental System Science
activity that seeks to advance a robust predictive understanding of terrestrial surface and
subsurface ecosystems, within a domain that extends from the bedrock to the top of the
vegetated canopy and from molecular to global scales. 3) The Climate and Earth System
Modeling activity which seeks to develop high fidelity community models representing
earth and climate system variabilities and change, with a significant focus on the response
of systems to natural and anthropogenic forcing.

The primary programs that actively use NERSC facilities are: 1) The Earth System Modeling
(ESM) program that develops advanced numerical algorithms to represent the dynamical
and biogeophysical elements of the earth system and its components; 2) The Regional and
Global Climate Modeling Program which focuses on understanding the natural and
anthropogenic components of regional variability and change, using simulations, and
diagnostic measures; 3) The subsurface research program whose focus is to develop robust
predictive models of subsurface biogeochemical processes to understand the structure and
function of complex subsurface systems.
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NERSC and other DOE leadership class computational facilities are essential to advance the
robust predictive understanding of the earth’s climate and environmental systems. For
example, NESRC supports computationally intense and long-term simulations from state-of-
the-art global climate models. These simulations from global climate and earth system
models have contributed model output to all the Intergovernmental Panel on Climate
Change (IPCC) reports (reports from 1-5). NESRC resources also contribute extensively to
model development efforts of the DOE-NSF jointly funded Community and Earth System
Model (CESM), by allowing for development and testing of the various model components.
Development of the Atmospheric, Oceanic, Biogechemistry, and Land-and-Sea Ice model
CESM components would not be possible without NERSC. In addition, the computational
resources needed to understand and quantify the uncertainties in global models (and their
individual components) are significant and NERSC resources have contributed extensively
to development of uncertainty quantification methods in the Earth system. Modeling and
understanding the implications of sea-level rise is another area that requires enormous
computer resources because of the length of the simulations needed for capturing ice sheet
evolution. An example of a subsurface project utilizing NERSC is Advanced Simulation
Capabilities for Environmental Management (ASCEM), in which an integrated multi-scale
modeling framework is being developed to link different subsurface flow, transport, and
reaction process models at continuum, pore, and sub-pore scales. The Next Generation
Ecosystem Experiment (NGEE) Arctic Project will use a similar approach to understand and
model the evolution of Arctic permafrost systems. NERSC has played and will continue to
play a vital role in enabling modeling and simulation for DOE climate and environmental
research.
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8.2 Climate Change Simulations with the Community Earth
System Model

Principal Investigators: Warren Washington (NCAR)
Case Study Author: Thomas Bettge (NCAR)
NERSC Repository: mp9

8.2.1 Summary and Scientific Objectives

The goals of the Climate Change Prediction (CCP) group at NCAR are to understand and
quantify contributions of natural and anthropogenic-induced patterns of climate variability
and change in the 20th and 21st centuries by means of simulations with the Community
Earth System Model (CESM). With these model simulations, researchers are able to
investigate mechanisms of climate variability and change, as well as to detect and attribute
past climate changes, and to project and predict future changes. The simulations are
motivated by broad community interest and are widely used by the national and
international research communities.

The types of fully-coupled CESM simulations conducted by the CCP include simplified
forcing experiments, long pre-industrial control runs, large ensembles of 20th-century
simulations with various combinations of natural and anthropogenic forcing, and large
ensembles of future climate simulations using different emission scenarios. Single-forcing
runs, isolating the contributions to climate change of individual natural (e.g. solar and
volcano) and anthropogenic (e.g. GHG, ozone, aerosol) forcing, complement the runs with
all-inclusive forcing by contributing to studies of climate change detection and attribution.
Analyses typically target changes in mean climate and associated uncertainties due to
natural variability obtained from the large number of ensemble members, changes in
variability and extremes, and changes across collections of ensemble members with
different scenarios to assess forcing-related uncertainties. Advancements in high-end
computing technology has allowed, and will continue to allow, the use of increased
horizontal and vertical grid resolution in both the atmosphere and the ocean to facilitate
analysis of regional climate regimes within projected forcing scenarios. With increasing
model resolution, we also produce and analyze decadal hindcast and initialized prediction
experiments to better quantify time-evolving regional climate change over the next few
decades.

The CESM project can be divided into three categories, each with a direct high-end
computing requirement:

¢ CESM Development and Validation: Research and Development of scientific
processes/methods and computational algorithms requires easy access to high-end
computing platforms to test, iterate, and validate procedures.

¢ Climate Change Prediction using CESM (the focus of CCP)

To contribute to national and international missions and goals with scientifically and
computationally validated CESM versions, the community needs consistent access to
stable high-end computing platforms for extended production.
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« High Resolution Fully Coupled CESM Simulation: Testing cutting-edge high-resolution
CESM configurations with extended integrations requires priority access to high-end
computing platforms (sometimes in a pre-release state from general community use) which
will allow potential transformations in climate change science in reasonable timeframes.

Historically, the high-end computing resources of the entire CESM project - including
research, development, validation, and production - are provided by allocation requests at
several HPC sites across several government agencies and/or government-funded
organizations. The resources are organized and targeted according to the general mission
of the granting agency and the goals outlined in the CESM strategic plan
(http://www.cesm.ucar.edu/management). While the core CESM project is managed at
NCAR, a large community representing scientists from universities and national
laboratories participate in numerous CESM research themes and working groups.

CCP has contributed input to the Atmospheric Model Intercomparison Project (AMIP),
Coupled Model Intercomparison Project (CMIP), and Intergovernmental Panel on Climate
Change (IPCC), and other projects. Data storage - both near-term and long-term - is an
important aspect of analysis for both primary scientists within CCP as well as a broad
community to whom access is granted. Subsets of the primary data are distributed via the
DOE Earth System Grid (ESG, http://www.earthsystemgrid.org). The CESM Data
Management and Data Distribution Plan (2011)
(http://www.cesm.ucar.edu/management/docs.html) guides the production, storage, and
distribution of data produced by CESM. The overall goal of this plan is to provide the best
possible access to, and easiest use of, high-quality CESM data to and by diverse users within
the constraints of available resources. An overarching goal for storage of data produced by
CESM is to archive the data, whenever possible, at either the site of generation or its associated
data archive center, and thus avoid moving massive amounts of data over a wide area
network.

8.2.2 Scientific Objectives for 2017

Over the next five years we plan to

1) Improve our understanding of many of the component processes represented in the
CESM, including cloud physics; radiative transfer; atmospheric chemistry, including
aerosol chemistry, boundary-layer processes, polar processes, and biogeochemical
processes; and the interactions of gravity waves with the large-scale circulation of the
atmosphere;

2) Better understand how these component processes interact;

3) Develop more sophisticated codes to better represent dynamical geophysical fluid
processes;

4) Further calibrate our models against improved observations of the atmosphere,
including those enabled by major advances in satellite observations.

Models with increased spatial resolution covering longer intervals of simulated time are
required to meet these objectives. It is crucial that increasing computer power, both in the
U.S. and abroad, be available to support these more elaborate and sophisticated models and
studies.

The full suite of CESM development and production plans involves the activities of many
working group scientists, especially those of CESM collaborators and working group co-
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chairs at the DOE National Laboratories. CESM development activities also result from
working group participation in activities such as the CLIVAR Climate Process Teams (CPTs)
and from involvement of CESM scientists with university collaborators in agency proposals,
including the NSF/DOE/USDA call for decadal and regional climate prediction using Earth
System Models (EaSM). Development activities are also facilitated by the recent DOE
proposal “Climate Science for a Sustainable Energy Future” (CSSEF). This involves the direct
participation of several CESM working group co-chairs and focuses on reducing uncertainty
and confronting models with observations with the aim of developing the “next generation
plus one” version of CESM (i.e.,, CESM3.0).

Over the next five years general CESM development plans include the following.

* Coupling across components and understanding interactions: A key attribute of
CESM is the ability to simulate coupled interactions across different components of
the climate system, including physical, chemical and biological elements. Proposed
development work in this regard focuses on three main aspects: evaluating model
performance against observations; understanding the behavior of and refining the
representation of physical processes; and expanding capabilities for coupling across
components.

* New parameterizations and processes: To address the evolving scientific needs of
the CESM community, progress demands that new processes be introduced and new
parameterizations of existing processes be developed and tested. The incorporation
of more earth system components and efforts to run the CESM across a wider range
of resolutions, incur unique challenges for parameterization development.

* High resolution and new dynamical cores: With increases in computer resources,
a societal need for climate information at more regional scales, and scientific
questions associated with scale-interactions and high-resolution phenomenon,
important development efforts are focused on high-resolution simulations and new
dynamical cores that enable these resolutions. These developments are occurring
throughout the component models. For the atmosphere, development work will
consider global resolutions up to 1/8 degree and regionally refined grids.

Software development

Software development covers three traditional and well-defined tasks: model testing,
performance tuning, and debugging. Every combination of model configuration and
production machine undergoes on the order of 100 short tests to ensure reliability before
being made available for community use. Allocations will be needed for debugging
problems as they arise inevitably from systems issues, or from new dynamic capabilities
and parameterizations, processor layouts and resolutions. Performance tuning optimizes
the number of MPI tasks and OpenMP threads for each CESM component, resolution and
targeted processor count. Additionally, work is now beginning on the use of GPU and/or
many-core chip architectures in preparation for the next generation supercomputers. The
computing resources required for software development should be regarded as a wise
investment with a high return in the form of reduced probability of encountering
problematic code, centralized debugging by experts, and efficient use of allocated
processors.
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We anticipate that in 2017 the CESM configuration employed for CCP activities will
contribute to continued advancement of climate science knowledge using significant
contributions from the above four model development themes. In particular, we anticipate
in 2017 the use of an atmospheric horizontal resolution of 0.25¢ (versus 1.0° in 2012).
Even by taking into account a more computationally efficient and scalable dynamical core,
the compute time needed for a single set of control-historical-future simulations will
require on the order of 12 times our present allocations. In addition, we anticipate that
more accurate physical processes will be required to simulate the climate system, including
explicit cloud resolving models, ice sheet (ocean and land) models, atmospheric chemistry
models, and models to simulate land biogeochemical processes. These additional
components could increase the cost by another factor of two, or 24 times our present
allocation.

Fortunately, we are optimistic that increasing computer power, both in the U.S. and abroad,
will be available to support more elaborate and more sophisticated models and modeling
studies, using increased spatial resolution and covering longer intervals of simulated time.
We anticipate that standard CESM climate change production simulations will use
0(20,000-50,000) processors, versus 0(2,000) in 2012, and that GPU cores will be used for
the most intensive parts of the computations.

8.2.3 Computational Strategies

8.2.3.1 Approach

The Community Earth System Model (CESM) is a coupled climate model for simulating
Earth's climate system. Composed of five separate models simultaneously simulating the
Earth's atmosphere, ocean, land, land-ice, and sea-ice, plus one central coupler component,
CESM allows researchers to conduct fundamental research into the Earth's past, present,
and future climate states.

The CESM system can be configured several different ways from both a science and
technical perspective. CESM supports several different resolutions and component
configurations. In addition, each model component has input options to configure specific
model physics and parameterizations. CESM can be run on many different hardware
platforms and has a relatively flexible design with respect to processor layout of
components. CESM also supports both an internally developed set of component interfaces
and Earth System Modeling Framework (ESMF) compliant component interfaces.

The CESM coupled model software is based on a framework that divides the complete
climate system into component models that are connected by a coupler component. The
coupler controls the execution and time evolution of the complete system by synchronizing
and controlling the flow of data between the various components. It also communicates
interfacial states and fluxes between the various component models while ensuring the
conservation of fluxed quantities. While the primary models can be treated as standalone
software components when removed from the CESM software stack, the coupler is
implemented as a single executable and is the main program for the entire coupled model.
It arranges the component models to run sequentially, concurrently, or in some mixed
sequential/concurrent layout, and performs flux calculations, mapping (regridding),
diagnostics, and other calculations. Its functions can be run on a subset of the total
processors. Each primary model can be configured as active (provides prognostic boundary
information to the coupler) or data driven (provides climatological or steady-state
boundary information to the coupler).

Large Scale Computing and Storage Requirements for Biological and Environmental Research: Target 2017 23



8.2.3.2 Codes and Algorithms

The CESM consists of a system of five geophysical component models: atmosphere, land,
ocean, sea ice, and land ice. A land ice model has recently been introduced into CESM, but it
is currently used at low resolution and has little effect on model performance, so is not
discussed here.

CAM

The Community Atmosphere Model (CAM) is characterized by two computational phases:
the dynamics, which advances the evolutionary equations for the atmospheric flow, and the
physics, which approximates subgrid phenomena such as precipitation processes, clouds,
long- and short-wave radiation, and turbulent mixing. Separate data structures and
parallelization strategies are used for the dynamics and physics. The dynamics and physics
are executed in turn during each model simulation time step, requiring some data motion
between the two data structures each time step.

CAM includes multiple compile-time options for the dynamics, referred to as dynamical
cores or “dycores.” The default dycore is a finite-volume method (FV) that uses a tensor-
product latitude x longitude x vertical-level computational grid over the sphere. The
parallel implementation of the FV dycore is based on two-dimensional tensor-product
“block” decompositions of the computational grid into a set of geographically contiguous
subdomains. A latitude-vertical decomposition is used for the main dynamical algorithms
and a latitude-longitude decomposition is used for a Lagrangian surface remapping of the
vertical coordinates and (optionally) geopotential calculation. Halo updates are the primary
MPI communications required by computation for a given decomposition. OpenMP is used
for additional loop-level parallelism.

CAM physics is based on vertical columns and dependencies occur only in the vertical
direction. Thus, computations are independent between columns. The parallel
implementation of the physics is based on a fine-grain latitude-longitude decomposition.
The computational cost in the physics is not uniform over the vertical columns, with the
cost for an individual column depending on both geographic location and on simulation
time. A number of predefined physics decompositions are provided (selected by the user at
compile time) that attempt to minimize the combined effect of load imbalance and the
communication cost of mapping to/from the dynamics decompositions.

Transitioning from one grid decomposition to another, for example, latitude-vertical to
latitude-longitude or dynamics to physics, may require that information be exchanged
between processes. If the decompositions are very different, then every process may need
to exchange data with every other process. If they are similar, each process may need to
communicate with only a small number of other processes (or possibly none at all).

Common performance optimization options include:
¢ Number of OpenMP threads per process;
* Number of processes to use in the dynamics latitude-vertical decomposition, in the

dynamics latitude-longitude decomposition, and in the physics latitude-longitude
decomposition (none of which need to be the same);

* For a given process count, the two-dimensional virtual processor grid used to define
a dynamics decomposition;
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* Physics load balancing option (and decomposition); and

* MPI communication algorithms and protocols used for each communication phase,
e.g., halo update or potentially nonlocal communication operators for mapping
between decompositions.

These represent a large number of options, and other options are available for special cases;
for example, parallelizing over tracer index when advecting large numbers of tracers.
Fortunately, reasonable defaults have been identified for most of these, and optimization
begins from a reasonable initial set of settings.

PopP

The Parallel Ocean Program (POP) approximates the three-dimensional primitive equations
for fluid motions on a generalized orthogonal computational grid on the sphere. Each
timestep of the model is split into two phases. A three-dimensional “baroclinic” phase uses
an explicit time integration method. A “barotropic” phase includes an implicit solution of the
two-dimensional surface pressure using a preconditioned conjugate gradient (CG) solver.

The parallel implementation is based on a two-dimensional tensor-product “block”
decomposition of the horizontal dimensions of the three-dimensional computational grid.
The vertical dimension is not decomposed. The amount of work associated with a block is
proportional to the number of grid cells located in the ocean. Grid cells located over land are
“masked” and eliminated from the computational loops. OpenMP parallelism is applied to
loops over blocks assigned to an MPI process. If specified at compile time, the number of
MPI processes and OpenMP threads will be used to choose block sizes such that enough
blocks are generated for all computational threads to be assigned work. The block sizes can
also be specified manually.

The parallel implementation of the baroclinic phase requires only limited nearest-neighbor
MPI communication (for halo updates) and performance is dominated primarily by
computation. The barotropic phase requires both halo updates and global sums
(implemented with local sums plus MPI_Allreduce with a small data payload) for each CG
iteration. The parallel performance of the barotropic phase is dominated by the
communication cost of the halo updates and global sum operations.

Two different approaches to domain decomposition are considered here: “Cartesian” and
“spacecurve.” The Cartesian option decomposes the grid onto a two-dimensional virtual
processor grid, and then further subdivides the local subgrids into blocks to provide work
for OpenMP threads. The spacecurve option begins by eliminating blocks having only “land”
grid cells. A space-filling curve ordering of the remaining blocks is then calculated, and an
equipartition of this one-dimensional ordering of the blocks is used to assign blocks to
processes.

The common performance optimization options are:

¢ Number of OpenMP threads per process;
¢ Choice of Cartesian or spacecurve decomposition strategy; and
e Blockssize

CLM
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The Community Land Model (CLM) is a single column (snow-soil-vegetation) model of the
land surface, and in this aspect it is embarrassingly parallel. When using the FV dycore in
the atmosphere model, CLM typically uses the same horizontal computational grid as the
atmosphere. However, CESM supports the option of CLM using a totally different grid.

Spatial land surface heterogeneity in CLM is represented as a nested subgrid hierarchy in
which grid cells are composed of multiple landunits. Landunits are composed of multiple
snow/soil columns and snow/soil columns are composed of multiple plant functional types
(PFTs). Grid cells are grouped into blocks of nearly equal computational cost, and these
blocks are subsequently assigned to MPI processes.

When run with MPI-only parallelism, each process has only one block. When OpenMP is
enabled, the number of blocks per process is by default set to the maximum number of
OpenMP threads available. This number can be overridden at runtime.

A single load balancing algorithm is implemented that has proven to work well across a
variety of computer architectures and problem specifications. At the current time, the
common performance optimization options are:

* Number of OpenMP threads per process; and
* Number of grid cell blocks assigned to each process.

The default of one block per computational thread is typically optimal. Moreover, for a fixed
core count, MPI-only often outperforms hybrid MPI/OpenMP runs.

CICE

The Community Ice Code (CICE) sea ice model is formulated on a two-dimensional
horizontal grid representing the earth’s surface, typically using the same horizontal grid as
POP. An orthogonal vertical dimension exists to represent the sea ice thickness. Similar to
POP, the parallel implementation decomposes the horizontal dimensions into two-
dimensional blocks. The vertical dimension is not decomposed. CICE exploits MPI and
OpenMP parallelism over the same dimension, namely grid blocks. Currently, the CICE
decomposition is static and set at initialization. Like POP, a block size will be chosen based
on the total number of computational threads, or a block size can be specified manually.

The relative cost of computing on the sea ice grid varies significantly both spatially and
temporally over a climate simulation because the sea ice distribution is changing constantly.
This has a huge impact on the load balance of the sea ice model in a statically decomposed
model. The load balance will be generally optimized if grid cells from varied geographical
locations are assigned to each process. CICE also performs regular and frequent halo
updates with a resultant performance cost that also depends on the assignment of grid cells
to processes.

Optimal static load balance is achieved by balancing the computational load imbalance and
the communication cost of halo updates. The common performance optimization options
are:

¢ number of OpenMP threads per process;
¢ choice of Cartesian or spacecurve decomposition strategy; and
e Dblock size.

Coupler
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The CCSM coupler is responsible for several actions including rearranging data between
different process sets, coordinating the interaction and time evolution of the component
models, interpolating (mapping) data between different grids, merging data from different
components, flux calculations, and diagnostics. Many of the algorithms are trivially parallel
and require no communication between grid cells. Two-dimensional boundary data (flux
and state information) are exchanged periodically through the coupler component.

The coupler receives grid information in parallel at runtime from all of the model
components. Domain decompositions are determined on the fly based upon the model
resolutions, the component model decompositions, and the processors used by the coupler.
Both rearrangement and mapping require interprocess communication, and the choice of
MPI communication algorithm and protocol used to implement these affect performance.
The number of options is small compared to those in CAM currently, but this may increase
in the near future. Performance depends primarily on the number of processes assigned to
each of the components, including the coupler, and the placement of these components
relative to the coupler processes. The coupler is the one component that cannot be
optimized separately from the full CESM.

To summarize, the performance optimization options are:

¢ MPI communication algorithms and protocols used in transferring data to and from
the geophysical components; and

¢ number and layout of processes used for each component.

OpenMP parallelism has been introduced in a development version of the coupler, but is not
used because coupler performance is not a limiting factor in CESM performance.

8.2.4 HPC Resources Used Today

8.2.4.1 Computational Hours

Table 1 shows the number of hours used for climate related activities of our project. We
have attempted to normalize the units in the table (millions of hours) to a Hopper
processor, as shown in the caption. Total CESM usage is the aggregate of research,
development, and testing of all CESM components, including, for example, validation of new
parameterizations and processes, and the highest resolution, cutting-edge simulations. In
addition, we have provided an estimation of the CPP-only usage attributed to climate
change simulations that we have used to contribute to national and international programs
for climate model intercomparisons, climate change detection/attribution, and future
climate change projections. The CCP-only, which dominates the NERSC usage, was
performed with the current validated version of CESM that allows long simulations with
reasonable turnaround to meet report and project timelines.
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Site 2011 Usage 2011 Usage 20123 Usage 20123 Usage
All CESM CCP-only All CESM CCP-only
NERSC (mp9) 32.5 22.1 23.8 15.3
OLCF 48.0 8.8 37.5 8.7
ALCF 10.8 0 4.0 0
NCAR CSL 30.2 6.3 17.6 3.7
Table 1. Supercomputer Usage for Climate Change Simulations with the

Community Earth System Model (CESM) Today. Usage is provided for 2011 and Jan-
Jul 2012. Units are Millions of hours, based upon the following conversions to
equivalent NERSC processor hours (Cray XE6:other machine): NERSC (1:1), OLCF
(1:1), ALCF (1:4), NCAR (4:1). The NCAR CSL PE-hours are for the NCAR/CESM project
only. CCP uses approximately 20% of this allocation. The Climate System Laboratory
(CSL) at NCAR provided over 60M pe-hours in 2011 and 2012 for a broad range of CSL
(CESM and non-CESM) projects.

8.2.4.2 Compute Cores

The goal of the climate change and variability simulations performed by our group at
NERSC is to use scientifically validated and publically released versions of CESM at
resolutions that allow long earth system simulations to advance climate change science in a
reasonable timeframe. For example, deadlines exist for reports at annual meetings,
targeted journal publications, and ultimately the upcoming IPCC report. In simple terms,
this means that the version of CESM must use earth system dynamical and physical
components that have been scientifically vetted, thoroughly tested, and are well behaved,
and it must use initial datasets that have been flux balanced via very long control
integrations in a comprehensive configuration that balances high performance and a
sufficient production rate. For example, a suitable production time for a century-long
simulation is less than one wallclock month. The actual time depends upon the number of
ensemble members needed for statistical significance, the desired length of each
experiment, resources available, number of cores used, queue wait time, and other factors.

A standard (typical) CESM production simulation at NERSC today consists of five
components - atmosphere, ocean, land, ice, and the coupler - at a horizontal resolution of
1o. Each job of this type uses a maximum of 2,064 processors within a single executable.
The component models are distributed on the processors in a fashion that achieves both
optimal performance and optimal load balance. Some of the models run in parallel on
separate subsets of the requested processors, while others run sequentially. If the number
of processors is changed, the performance and load balance is changed accordingly to
achieve the most effective use of the machine. On 2,064 processors, the production rate for
this model is 10 model years per wallclock day. Coarse parallelism on Hopper is achieved
by running multiple simulations within a single job submission. With the above model

3 January through July. Usage for all of 2012 at NERSC was 34.4 million hours.
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configuration we normally gang together several simulations in order to receive the
discount applied to jobs that run on a large number of processors.

Because of our project’s goals outlined above, we rarely use more than 2,064 processors for
a single simulation. The two restrictions that limit the number of processors we typically
employ are (1) use of a certified version of CESM with an acceptable initial control dataset,
and (2) lack of code scalability. The culprit of both these restrictions is the 1°¢ horizontal
resolution. In a nutshell, CESM demonstrates scalability at higher resolutions, but at higher
expense (due to increased resolution), which in turn means that either the model has not
been validated or no long control simulation exists. Indeed, 2,064 is the current sweet spot.

8.2.4.3 Checkpointing

The CESM model is designed to create and write a checkpoint file at regular intervals during
a job submission. Generally, these files are created at subintervals of the expected total job
runtime as well as upon normal termination of job. For the configuration described in
section 3.2 above, the restart dataset size is 4.1 GB. Our model timing statistics show that
the creation of a checkpoint file is 1% of the total runtime.

8.2.4.4 Dataandl/O

If we define a “run” as an eight-member ensemble within a single job submission (as
described in section 3.2), then a single 24-hour wallclock job produces 80 simulation years.
Each simulation year produces 30 GB of data, so a single submission writes 2.4 TB of data.
According to the output from the pyLMT web portal, the maximum (burst) bandwidth to
write data within the CESM is 4.5 GB/sec. Given that the data are written once per
simulated month, this means that 2.5 GB of data are written every 72 seconds. At a burst
rate of 4.5 GB/sec, the 1/0 required by this model is less than 1% of the total compute time,
which is consistent with the CESM software’s internal timers.

8.2.4.5 Project Data

We currently make frequent use of a project directory, “ccsm1,” that has an extended quota
of 10TB and about 3 TB stored in it.

8.2.5 HPC Requirementsin 2017

8.2.5.1 Computational Hours Needed

In 2017 we anticipate that the standard validated CESM for performing climate change
prediction simulations will use a 0.25° CAM and 1.0°c POP. Other components will be of
similar, consistent resolution. A single standard (minimum) climate change simulation
experiment consists of a 156-year historical simulation (1850-2005), and four future 100-
year scenarios. The 556 years are repeated to create an ensemble for statistical variability
analysis using a minimum of five ensemble members. The total number of years for an
experiment is thus (156 + 4*(100))*5 = 2780 years. Table 2 summarizes the compute hours
needed for a complete experiment using the current production CESM and 